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ABSTRACT 
D E V I C E  FOR FIELD DETERMINATION OF HEAVY METALS I N  NATURAL WATERS 
The o b j e c t i v e  o f  t h i s  p r o j e c t  was t he  development and t e s t i n g  o f  a  
s imple,  p o r t a b l e ,  se l f - con ta i ned  dev ice  s u i t a b l e  f o r  -- i n  s i t u  a n a l y s i s  o f  
n a t u r a l  waters  f o r  c e r t a i n  t r a c e  meta ls .  The t r a c e  meta ls  which were o f  
p r imary  i n t e r e s t  were copper, lead, cadmium, n i c k e l ,  chromium and z i n c .  
Two models o f  t he  ana lyzer  were b u i l t  d u r i n g  the  course o f  t h i s  
exper iment.  The f i r s t  model u t i l i z e d  a  r o t a t i n g  p l a t i num e l e c t r o d e  i n  
s u l f o s a l i c y l i c  a c i d  e l e c t r o l y t e .  Th i s  was abandoned due t o  t h e  i n c o n s i s t -  
en t  q u a l i t y  o f  h i g h  s e n s i t i v i t y  r e s u l t s  i n  the  f i e l d  and the  i n t e r f e r e n c e  
o f  t he  s u l f o s a l i c y l i c  a c i d  medium w i t h  a n a l y s i s  o f  lead and i r o n  ions. The 
second model used a  dropping mercury e  l e c t r o d e  i n  t h e  same e l e c t r o l y t i c  
medium. The medium was d iscarded  due t o  t he  i n t e r f e r e n c e  w i t h  lead and 
i r o n ,  bu t  t he  DME was r e t a i n e d  w i t h  t r i - sod ium c i t r a t e  as t he  medium s i nce .  
t h i s  a l l ows  a n a l y s i s  o f  lead, cadmium, z i n c  and i r o n .  
D e t a i l s  o f  the  c o n s t r u c t i o n  and f i e l d  ope ra t i on  o f  t he  k i t  a re  exp la ined  
i n  f u l l .  F i e l d  sampl ing techniques a re  a l s o  discussed. 
The ope ra t i on  o f  t he  dev ice i s  r e l a t i v e l y  s imple and t he  cos t  o f  
c o n s t r u c t i o n  o f  t he  i n i t i a l  model was less  than $400. The des ign o f  
t he  ins t rument  a l lows  t he  p o s s i b i l i t y  o f  f u t u r e  development and 
adap ta t ions .  A t  p resent ,  however, t he  de te rm ina t i on  o f  meta ls  i s  
l i m i t e d  t o  o n l y  four  ions.  The use o f  mercury makes c a r e f u l  d i sposa l  
o f  waste m a t e r i a l s  necessary. The r e s u l t s  have no t  been compared w i t h  
t h e  r e s u l t s  f rom known d i f f e r e n t  t e s t s  w i t h  known r e l i a b i l i t y .  
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OBJECTIVES 
The o b j e c t i v e s  o f  t h i s  p r o j e c t  were o r i g i n a l l y  s t a t e d  as t h e  
developnient and t e s t i n g  o f  a s imple ,  p o r t a b l e ,  s e l f - c o n t a i n e d  d e v i c e  
s u i t a b l e  f o r  jr12Ji a n a l y s i s  o f  n a t u r a l  w a t e r s  f o r  c e r t a i n  t r a c e  
me ta l s .  The m e t a l s  o f  p r i m e  concern  ( p r i m a r i l y  t h o s e  w h i c h  a r e  o r  may 
be t o x i c  t o  f i s h )  were copper, lead, cadmium, n i c k e l ,  chromium, and 
z i n c .  I t  was a l s o  a n t i c i p a t e d  t h a t  t h e  s imu l taneous  d e t e r m i n a t i o n  o f  
d i s s o l v e d  oxygen m i g h t  p r o v e  t o  be f e a s i b l e .  
The subsequent s e c t i o n s  o f  t h i s  r e p o r t  d e s c r i b e  t h e  e x t e n t  t o  
w h i c h  t h e  p r e v i o u s l y  s t a t e d  o b j e c t i v e s  have been a t t a i n e d .  The deve l -  
opment o f  t h e  i n s t r u m e n t  and necessary  a c c e s s o r i e s  i s  d e s c r i b e d  and 
t h e  o p e r a t i o n a l  p rocedure  f o r  t h e  d e v i c e  i s  d e t a i l e d ;  t y p i c a l  a n a l y t -  
i c a l  r e s u l t s  o b t a i n e d  w i t h  t h e  i n s t r u m e n t  a r e  p resen ted .  A d i s c u s s i o n  
o f  t h e  advantages, d isadvantages,  and suggested f u r t h e r  development o f  
t h e  d e v i c e  and/or techn iques  a s s o c i a t e d  w i t h  i t s  use conc lude t h e  
r e p o r t .  
INSTRUMENT DEL'ELOPMENT 
I n t r o d u c t i o n . - - A f t e r  a  c o n s i d e r a b l e  amount o f  t r i a l - a n d - e r r o r  
---- 
e x p e r i m e n t a t i o n  e a r l y  i n  t h e  l i f e  o f  t h e  p r o j e c t ,  a p r o t o t y p e  model 
o f  t h e  e v e n t u a l  d e v i c e  was c o n s t r u c t e d  and f i e l d  t e s t e d ,  as p r e v i o u s l y  
d e s c r i b e d  i n  t h e  f i r s t  and second annual r e p o r t s  f o r  t h e  p r o j e c t .  
The p r o t o t y p e  was des igned and c o n s t r u c t e d  a long  t h e  genera l  l i n e s  
o f  t h e  o r i g i n a l  p roposa l ,  i.e., a  s i m p l e  d i r e c t  c u r r e n t  p o l a r o g r a p h i c  
c i r c u i t  employ ing f i x e d  r e s i s t o r s  and a  m u l t i p l e  p o s i t i o n  s w i t c h .  
T h i s  b a s i c  des ign  was soon m o d i f i e d  t o  t h e  a p p l i c a t i o n  o f  o p e r a t i o n 2 1  
a m p l i f i e r s  p e r m i t t i n g  employment o f  t h e  3 - e l e c t r o d e  p o l a r o g r a p h i c  
techn ique ,  so t h a t  p o l a r o g r a p h i c  c e l l  i R  drop c o u l d  be  adequa te l y  
compensated t o  p e r m i t  a c c e p t a b l y  a c c u r a t e  two-po in t  measurement o f  
wave h e i g h t s .  Several  o t h e r  r e l a t i v e l y  m i n o r  m o d i f i c a t i o n s  men t ioned  
i n  e a r l i e r  r e p o r t s  were a l s o  i n c o r p o r a t e d  i n  b o t h  t h e  p r o t o t y p e  Model 
I and t h e  improved Model I 1  d e s c r i b e d  subsequen t l y  i n  t h i s  r e p o r t .  
The e l e c t  r o d e - e l e c t r o l y t e  system employed i n  a  heavy meta l  ana l -  
y s i s  by t h e  p o l a r o g r a p h i c  method i s  n e a r l y  as i m p o r t a n t  as t h e  funda-  
menta l  c i r c u i t  i t s e l f  and, i n  f a c t ,  c o n t r o l s  i n  some m a s u r e ,  t h e  
n a t u r e  o f  t h a t  c i r c u i t .  A l though  a r o t a t i n g  p l a t i n u m  w o r k i n g  e l e c t r o d e  
system was o r i g i n a l l y  proposed f o r  convenience i n  f i e l d  o p e r a t i o n s ,  
t h a t  sys tem was found t o  be  i m p r a c t i c a l  and was r e p l a c e d  b y  t h e  more 
c o n v e n t i o n a l ,  though more v e r s a t i  l e  and p o t e n t i a l l y  more t roub lesome 
d r o p p i n g  mercury  e l e c t r o d e .  Some p h y s i c a l  p rob lems were a c t u a l l y  en- 
c o u n t e r e d  i n  t h e  des ign o f  t h e  l a t t e r  e l e c t r o d e  system, b u t  t h e s e  have 
been e l i m i n a t e d  o r  m i n i m i z e d  as subsequen t l y  desc r ibed .  
P a r t i a l l y  as a  r e s u l t  o f  t h e  change i n  p r o f e s s i o n a l  l o c a t i o n  o f  
t h e  p r i n c i p a l  i n v e s t i g a t o r  (wh ich  produced some k n o t t y  and t i m e -  
consuming f i n a n c i a l  and t e c h n i c a l  p rob lems)  and p a r t i a l  l y  due t o  t h e  
fundamental n a t u r e  o f  n a t u r a l  w a t e r  systems, t h e  e l e c t r o d e - e l e c t r o l y t e  
sys tem t o  be employed underwent r a t h e r  r a d i c a l  changes i n  t h e  f i n a l  
t h r e e  m n t h s  o f  t h e  i n v e s t i g a t i o n .  The o r i g i n a l  c h o i c e - - r o t a t i n g  
p l a t i n u m  i n  a  s u l f o s a l i c y l i c  a c i d  e l e c t r o l y t e  medium--was f i n a l l y  
abandoned, s i n c e  (1)  t h e  r o t a t i n g  p l a t i n u m  e l e c t r o d e  appeared i n c a p a b l e  
o f  y i e l d i n g ,  r e p r o d u c i b l y ,  t h e  l e v e l  o f  s e p a r a t i o n  and s e n s i t i v i t y  
d e s i r e d  ( p a r t i c u l a r l y  f o r  i r o n )  and ( 2 )  t h e  s u l f o s a l i c y l i c  a c i d  medium 
p r e v e n t e d  a n a l y s i s  f o r  lead, one o f  t h e  most i m p o r t a n t  m e t a l s  cons id-  
ered,  i n  o u r  judgment, w h i l e  t h e  a n a l y s i s  f o r  i r o n  was n e a r l y  as un- 
s a t i s f a c t o r y .  Fo r  a  t ime ,  i t  appeared t h a t  t h e  d ropp ing  mercury  e l e c -  
t r o d e  m i g h t  s u f f i c e  i n  t h e  same medium and, i n  f a c t ,  t h e  p r o t o t y p e  
i n s t r u m e n t  was des igned around t h i s  concept .  However, t h e  r e s u l t s  o f  
f i e l d  t e s t i n g  and t h e  i n a b i l i t y  o f  t h e  system t o  p e r m i t  d e t e r m i n a t i o n  
o f  l e a d  conv inced  us t h a t  a d i f f e r e n t  e l e c t r o l y t e  was necessary.  A l -  
though some problems were encoun te red  i n  t h e  f i e l d  use  o f  t h e  DME, t h e y  
were r e s o l v e d  so t h a t  t h e  DME was r e t a i n e d  i n  t h e  f i n a l  i n s t r u m e n t .  
The e l e c t r o l y t e  u l t i m a t e l y  s e l e c t e d  f o r  Model I 1  o f  t h e  i ns t rumen t ,  
a f t e r  s e v e r a l  o t h e r  p o s s i b l e  e l e c t r o l y t e s  were t e s t e d ,  was t r i s o d i u m  
c i t r a t e .  T h i s  s a l t  was se lec ted ,  n o t  o n l y  because i t  w o u l d  s e r v e  as a 
s a t i s f a c t o r y  e l e c t r o l y t i c  medium f o r  t h e  d e t e r m i n a t i o n  o f  lead, cadmium, 
z i n c ,  and i r o n ,  b u t  a l s o  f o r  i t s  b u f f e r i n g  and complex ing c a p a c i t i e s  
i n  a c i d i c  s o l u t i o n s .  A f t e r  a p p r o p r i a t e  p r e l i m i n a r y  s t u d i e s ,  a  0.02 
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each des igned and i n t e r c o n n e c t e d  so as t o  produce an o p e r a t i o n a l  who le  
c o m p a t i b l e  w i t h  t h e  p r e v i o u s l y  enumerated c h a r a c t e r i s t i c s .  These i n d i -  
v i d u a l  c i r c u i t s  i n c l u d e :  ( 1 )  t h e  3 - e l e c t r o d e  o p e r a t i o n a l  a m p l i f i e r  
c i r c u i t  ( F i g u r e  I ) ,  whose b a s i c  f u n c t i o n  i s  t o  f u r n i s h  t h e  d e s i r e d  
+ p l i e d  p o t e n t i ; l l  t o  the  e l e c t r o d e  system i n  t h e  p o l a r o g r a p h i c  c e l l ,  
as s u p p l i e d  f rom ( 2 )  t h e  ramp s u p p l y  c i r c u i t  ( F i g u r e  2 ) ;  t h e  l a t t e r  
permi  t s  t h e  p r o p e r  p re -de te rm ined  v o l t a g e s  (based o n  t h e  n a t u r e  o f  t h e  
w o r k i n g  e l e c t r o d e ,  e l e c t r o l y t e ,  and e l e c t r o a c t  i v e  spec ies )  t o  be  se- 
l e c t e d  by an a p n r o p r i  a t e l y  c o n s t r u c t e d  manual c o n t r o l  ; ( 3 )  t h z  c u r r e n t -  
t o - v o l t a g e  c o n v e r t e r  and a m p l i f i e d  c i r c u i t  ( F i g u r e  3), w h i c h  a m p l i f i e s  
and c o n y e r t s  t h e  c u r r e n t  o u t p u t  f rom t h e  t e s t  c e l l  so t h a t  i t  may be 
subsequen t l y  measured: (il) t h e  c u r r e n t  compensat ion c i r c u i t  ( F i g u r e  b ) ,  
des igned so t h a t  t h e  p o l a r o g r a p h i c  r e s i d u a l  c u r r e n t s  may b e  compensated 
f o r ,  t h u s  p e r m i t t i n g  s i m p l e  manual measurement o f  t h e  waves v i a  t h e  
t w o - p o i n t  manual measurement techn ique ;  (5) t h e  o u t p u t  c i r c u i t  ( F i g u r e  
;), wh ich  p e r m i t s  t h e  d e s i r e d  s i g n a l  t o  be measured by way o f  t h e  read-  
o u t  m i l  l iarnmeter; and (6) t h e  b a t t e r y  t e s t  c i r c u i t  ( F i g u r e  5), wh ich  
a l l o w s  f i e l d  t e s t i n g  o f  t h e  c o n d i t i o n  o f  t h e  v a r i o u s  b a t t e r i e s  i n v o l v e d  
i n  power ing  t h e  e n t i r e  dev ice- - the  advantage o f  b a t t e r y  o p e r a t i o n  f o r  
f i e 1  d use  a l s o  i n t r o d u c e s  t h e  d i sadvan tage  o f  b a t t e r y  decay and t h e  
n e c e s s i t y  f o r  even tua l  replacement.  
F i g u r e  7 i l l u s t r a t e s  t h e  m d e  by w h i c h  t h e s e  s i x  fundamental  c i r -  
c u i t s  have been i n t e r c o n n e c t e d  t o  produce t h e  f i n a l  o p e r a t i o n a l  i n -  
s t rument .  A r e l a t i v e l y  d e t a i l e d  l i s t i n g  o f  t h e  e l e c t r i c a l  and e l e c -  
t r o n i c  components r e q u i r e d  t o  assemble t h e  d e v i c e  i s  g i v e n  i n  T a b l e  1 :  







Tab le  1 
Water Ana l yze r - -E lec t r i ca l  Components 
-.- 
C Counter e l ec t rode :  2- inch l eng th  o f  22-gauge p l a t i n u m  w i re .  
R Reference e l e c t  rode; Sargent-We1 ch S-30080-1 7 sa tu ra ted  
calomel e lec t rode .  
Working e lec t rode ;  dropping mercury e lec t rode .  
Capaci tor,  0.05 p f ,  5'0 WVDC, 
Capaci tor,  1.0 p f ,  5'0 WVDC. 
Operat ional  amp l i f i e rs ,  Analog Devices (221 F i f t h  St . ,  
Cambridge, Mass. 021k2) Model 1 4 2 ~ ,  w i t h  AC1003 sockets. 
M i  lliammeter, Simpson Wide-Vue Panel, 0-1 mA DC, Model 1329, 
h 1/2-inch, w i t h  matching bezel .  
Switch, Lev-R, Swi t c h c r a f t  Type 28204, DPST, lock ing .  
Switch, JBT Type 20M-2103N, 3-deck, 2 poles/deck. 
Switch, Ma1 l o r y  Type 313hJ, 3-pole, 4 -pos i t ion ,  sho r t i ng .  
Switches, Lev-R, Swi t c h c r a f t  Type 28201~, non- lock ing.  
Switch, Ma1 l o r y  Type 3234J, 3-po le, 4-posi t ion, non-short ing. 
B a t t e r i e s  (2) ,  Burgess Type K10, I ~ V D C ,  w i t h  Keystone No. 166 
holders .  
B a t t e r i e s  (2),  Ma1 l o r y  Type TR233R, 4.05' VDC, w i t h  Keystone 
No, 173 ho lders .  
B4 B a t t e r i e s  (2),  mercury, Ma1 l o r y  Type RM12R, 1.35' VDC, w i t h  Keystone No. 140 ho lder ,  
R1-3 Trimpots, 1K ohms, I R C  Type 60-20. 
R1l Resis tor ,  70 ohms, 1/2-watt, 20%, 
R 5'- 14 Trimpots, 100 ohms, Bourne Type 273. 
R Res is tor ,  20 ohms, 1/2-watt, 20%. 15 
R16 Potent iometer,  1K ohms, 2-watt, Ohmite Type CV-1021, 1 i near  taper  . 
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a f t e r  r o t a t i n g  t h e  stopcock 180 f rom i t s  o r i g i n a l  o r i e n t a t i o n .  
Thus, t h e  stopcock handles a re  on oppos i t e  s ides  o f  t he  b a r r e l  o f  
t he  r e s e r v o i r ,  as shown i n  F i g u r e  1 1 .  The po l ye thy l ene  r e s e r v o i r  i s  
o f  such dimensions t h a t  i t  f i t s  convenient ly ,  mounted i n  an o r d i n a r y  
k i t c h e n  broom c l i p ,  i n s i d e  the cover o f  t h e  ins t rument  case. The 
stopcocks a re  mercury - t igh t ,  so t h a t  they may be c losed  f o r  s to rage  
and t r a v e l ,  bu t  e a s i l y  opened f o r  ope ra t i on .  
Oxycien-P~~rqin~&~3_a-ratus.  --The quest i o n  o f  measurement and/or 
.-- 
removal o f  d i s so l ved  oxygen i s  always p e r t i n e n t  t o  aqueous po la ro -  
g raph ic  techniques, owing t o  t h e  well-knawn po la rog raph i c  r educ t i on  
waves f o r  t he  d i sso l ved  gas. Some e a r l y  cons ide ra t i on  was g iven  t o  
i n c o r p o r 3 t i n g  an oxygen-measuring system (such as t he  Beckman Dis- 
so l ved  Oxygen E lec t rode  System) i n t o  t h e  ins t rument .  However, due 
t o  t h e  a v a i l a b i l i t y  o f  severa l  e x c e l l e n t  D. 0. k i t s ,  i t  was decided 
t h a t  t h i s  measurement should  no t  be inc luded.  The removal o f  d i s -  
so l ved  oxygen p r i o r  t o  p o l  arographi  c  measurement o f  t he  meta l  i ons  
had t o  be accomplished, however. Th i s  f a c t  accounts p r i m a r i l y  f o r  
t h e  ex tens i ve  e a r l y  e f f o r t s  t o  employ t h e  s u l f o s a l i c y l i c  a c i d  e l ec -  
t r o l y t e  system descr ibed  i n  e a r l i e r  r epo r t s .  I n  t h a t  system, a b a s i c  
medium cou ld  be employed, which p e r m i t t e d  convenient oxygen scaven- 
g i n g  th rough  t h e  s imple a d d i t i o n  o f  s o l i d  sodium s u l f i t e  p r i o r  t o  t h e  
po la rog raph i c  measurement. Pss p r e v i o u s l y  mentioned, however, t h i s  
system prec luded  measurement o f  lead, and was abandoned. 
The a l t e r n a t i v e  t o  b a s i c  s u l f i t e  pu rg i ng  was t h e  use o f  n i t r o g e n  
o r  some o t h e r  i n s o l u b l e  gas. Al though smal l  ' l e c t u r e '  tanks o f  
n i t r o g e n  gas and s u i t a b l e  gauges may be ob ta i ned  e a s i l y ,  they  a re  
- .  

re1  a t i v e l y  expensive, re1 a t i v e l y  heavy ( f o r  i n c o r p o r a t i o n  i n t o  a  
p o r t a b l e  device),  and c e r t a i n l y  no t  r e a d i l y  a v a i l a b l e  i n  the  f i e l d .  
I n  search ing f o r  a  s u i t a b l e  s u b s t i t u t e  f o r  n i t rogen ,  propane was f i r s t  
t r i e d  (s ince,  as subsequent ly described, a  can o f  propane o r  s i m i l a r  - 
gas i s  i nco rpo ra ted  i n  t h e  inst rument  case as f u e l  f o r  t h e  sample con- 
c e n t r a t i o n  burner) ,  bu t  t h i s  gas was found t o  be u n s a t i s f a c t o r y  i n  
t h i s  case. 
Then Freon-12 was s tud ied;  t h i s  gas proved t o  be eminent ly  
s a t i s f a c t o r y ,  as shown by comparative r e s u l t s  f o r  pu rg ing  w i t h  n i t r o g e n  
o r  f reon (F igu re  12). I t  i s  a l so  r e a d i l y  adaptable t o  a  f i e l d  device, 
owing t o  t he  ready a v a i l a b i l i t y  o f  inexpensive ( l e s s  than $1) 15-ounce 
throw-away ( i n  proper  receptac les,  o f  course!) con ta iners  o f  Freon-1 2. 
These cans, a long w i t h  a  convenient and necessary d ispensing v a l v e  f o r  
repeated use w i t h  any s i z e  can o f  t h e  r e f r i g e r a n t ,  are a v a i l a b l e  f rom 
most automotive supply s tores-- they a re  marketed norma l l y  f o r  rejuvena- 
t i o n  o f  automobi le a i r - c o n d i t i o n i n g  u n i t s .  
Pre-Concentrat i o n  Apparatus-.--Subsequent t o  f i e 1  d  t e s t i n g  o f  t h e  
p ro to t ype  Model I, i t  became obvious t h a t  a  readout dev ice much l ess  
s e n s i t i v e  than a  0-20 microammeter should be employed f o r  t h e  instrument,  
i f  i t  was t o  w i t h s t a n d  t h e  r e l a t i v e l y  rough t reatment  i t  might r ece i ve  
i n  t h e  f i e l d .  S u b s t i t u t i o n  o f  a  0-1 mi l l iamnmeter  w i t h  app rop r i a te  
e l e c t r o n i c  s i gna l  a m p l i f i c a t i o n  was a  p a r t i a l  so lu t i on ,  bu t  some 
s a c r i f i c e  i n  s e n s i t i v i t y  had t o  be accepted. The end r e s u l t  was t h e  
dec i s i on  t o  i nco rpo ra te  p re -concent ra t ion  o f  samples--a necess i t y  i n  
any case f o r  some types o f  samples, due t o  t he  f a c t  t h a t  p re -concent ra t ion  

w i t h  added n i t r i c  a c i d  can des t roy  some o r g a n i c  spec ies which might 
i n t e r f e r e  w i t h  eventua l  po l a rog raph i c  ana l ys i s .  Consequently a  f i e l d  
p re - concen t ra t i on  apparatus was dev ised (F i gu re  13). Th i s  dev ice  con- 
s i s t s  o f  a  beaker ho lder ,  made f rom an o r d i n a r y  ' t i n t  can, and a Lenk 
LP 1 abora to ry  burner w i t h  Meker-type f 1 ame adapter (Dynzl ab Corporat ion,  
Box 112, Rochester, New York l lr601); a  graduated 250-ml beaker i s  used 
as t h e  sample con ta iner .  A 28-ounce food  can, e. g., a f a m i l y - s i z e  
Campbel l ts  Pork and Bean can, f i t s  conven ien t l y  over  t h e  base p l a t e  o f  
t h e  Lenk burner  and can be e a s i l y  converted, as shown i n  F i g u r e  13, i n t o  
a  s u i t a b l e  beaker ho lde r .  The Lenk burner  f i t s  any o f  severa l  brands 
o f  LP f u e l  cans a v a i l a b l e  i n  6-ounce throw-away cans from most s p o r t i n g  
goods s tores- - they a r e  commonly used as f u e l  f o r  s ing le -burner  camp 
s toves.  The beaker ho lde r  was p q i n t e d  w i t h  u l t r a  h i gh  temperature 
automot ive p a i n t .  The procedure adopted f o r  p re - concen t ra t i on  o f  water  
samples i s  descr ibed subsequent ly i n  another s e c t i o n  o f  t h e  r epo r t .  
ComLeted Ana l ys i s  K i t  ,--Photographs o f  t h e  completed instrument,  
- 
open f o r  ope ra t i on  w i t h  accessory apparatus, con ta i ne rs  and o t h e r  mate- 
r i a l s ,  as we1 1 as prepared f o r  t r a v e l  a r e  shown i n  F i g u r e  l l c .  I f  desired, 
a  somewhat l a r g e r  ins t rument  case c o u l d  be used, a l l o w i n g  m r e  space 
f o r  t r a n s p o r t a t i o n  o f  a d d i t i o n a l  equipment, such as sampl ing b o t t l e s ,  
t e s t  k i t s  f o r  d i s so l ved  oxygen o r  o t h e r  components o f  wa te r  samples n o t  
measurable w i t h  t h e  ins t rument  descr ibed, e t c .  
ANALYTICAL METHOD DEVELOPMENT 
I n t  reduction.--Prel im inary  s t u d i e s  o f  chemical e l e c t r o l y t e  systems 


c o n t a i n i n g  var ious  metal  ions  e v e n t u a l l y  r e s u l t e d  i n  t h e  se lec t ion ,  
as p r e v i o u s l y  mentioned, o f  sodium c i t r a t e  as t he  most s u i t a b l e  e l e c t r o -  
l y t i c  medium f o r  use w i t h  t h e  inst rument  and e lec t rode  systems which 
had, by t h i s  time, been const ructed.  Th i s  e l e c t r o l y t e  i s  no t  an i dea l  
++ 
one, inasmuch as o n l y  f ou r  o f  t h e  ions  o f  i n t e r e s t  (Pb , Cd", ~ n + + ,  
and Fet++) may be measured i n  i t ,  bu t  no o t h e r  e l e c t r o l y t e  o f  t he  
severa l  t e s t e d  was as s u i t a b l e .  The advantages o f  t h e  c i t r a t e  medium 
are  t h a t  ( 1 )  each o f  t h e  f o u r  ions  ment ioned g i ves  a  reasonably w e l l -  
de f i ned  wave; ( 2 )  t he  waves a re  e a s i l y  separable, so t h a t  the  two-point  
po la rog raph i c  measurement techn ique  i s  f e a s i b l e ;  ( 3 )  t h e  s a l t  complexes 
+++ + + 
Fe so t h a t  i t s  wave does n o t  i n t e r f e r e  w i t h  t h a t  f o r  Zn ; and (4) t he  
c i t r a t e  i o n  serves, w i t h  t he  excess hydronium i o n  remain ing a f t e r  p re -  
concentrat ion,  t o  ma in ta i n  t h e  system i n  t h e  pH range r e q u i r e d  t o  pre-  
ven t  i n t e r f e r e n c e  from hydrogen discharge w i t h  t h e  i r o n  wave. No max- 
imum was observed i n  metal  i o n  concent ra t ions  up t o  50 ppm i n  t h e  t e s t  
so lu t i on ,  as p r e v i o u s l y  ind ica ted .  
Stock and Test  Solutions.--For p r e l i m i n a r y  e x p l o r a t o r y  purposes, 
--- -.- ----- 
+ + 
a  number o f  s tock metal  i o n  s o l u t i o n s  (Cu , ~b++ ,  ~ n + + ,  Cd++, ~i++, 
+ + Cr'", Mn , and Fe+++) were prepared from t h e i r  pure perch lo ra tes :  
these s o l u t i o n s  were s tandard ized v i a  p o t e n t i o m e t r i c  t i t r a t i o n  w i t h  
p r e v i o u s l y  s tandard ized EDTA. Test s o l u t i o n s  and s y n t h e t i c  water 
samples were then prepared by m ix i ng  app rop r i a te  volumes o f  the  s tock 
s o l u t i o n s  w i t h  t he  des i r ed  volume o f  0.2 ml ar sodium c i t r a t e  (a  f i n a l  
t e s t  s o l u t i o n  concent ra t ion  o f  0.02 molar sodium c i t r a t e  was found t o  
be optimum f o r  t h e  measurements made). The t e s t  s o l u t i o n s  thus  prepared 
were t hen  p laced  i n  t h e  po la rograph ic  c e l l ,  purged o f  d i sso l ved  oxygen 
( i n i t i a l l y  w i t h  n i t rogen ,  l a t e r  w i t h  Freon-12) f o r  f i v e  minutes and 
polarographed; polarograms were i n i t i a l  l y  recorded w i t h  a Ser ies 401 
Heath Polarography System; even tua l l y ,  a f t e r  t h e  a d d i t i o n  t o  t h e  i n - -  
strument o f  a v a r i a b l e  a p p l i e d  p o t e n t i a l  mode, t h e  polarograms were 
recorded manual ly w i t h  t h e  inst rument  i t s e l f .  A t y p i c a l  example o f  a 
polarogram so recorded i s  shown i n  F i g u r e  15. 
Pol  a r o q r g h i c  A n a l y t i c a l  M~asurements. --Based on t h e  l o c a t  i o n  and 
- 
na tu re  o f  t h e  po la rograph ic  waves f o r  t h e  f o u r  c a t i o n s  i n  the  c i t r a t e  
++ + + 
medium ( E  va lues  ys-. SCE: -0.43 f o r  Pb , -0.57 f o r  Cd , -1.03 f o r  
++ 
1 /2  
+++ Zn , and -1.36 f o r  Fe ), p o t e n t i a l s  were se lec ted  f o r  two-point  
measurement o f  wave he igh ts .  These p o t e n t i a l s  (E. SCE) were: 
+ + + + ++ Basel ine, -0.35; Pb wave, -0.50; Cd wave, -0.70; Zn wave, -1.20, 
+++ 
and Fe wave, -1.43. The ramp c i r c u i t  t r i m p o t s  R 5- 14' F i g u r e  2, were 
then  ad jus ted  w i t h  t he  a i d  o f  an e x t e r n a l l y  connected vacuum tube  v o l t -  
meter so t h a t  t h e  a p p l i e d  vo l tages  p i cked  o f f  w i t h  t he  Func t i on  Switch 
S were the va lues shown i n  F i g u r e  15 ( i n d i c a t e d  by t h e  v e r t i c a l  arrows, 2 
w i t h  corresponding Func t ion  Switch p o s i t i o n  numbers). I n i t i a l l y ,  t he  
d i r e c t  wave he igh t  comparison measurement technique was attempted, i.e., 
t h e  he igh t  o f  a wave was determined by t h e  d i f f e r e n c e  i n  po la rograph ic  
c u r r e n t  measurement a t  two successive Func t ion  Swi tch p o s i t i o n s ;  t he  
concen t ra t i on  o f  t h e  i o n  respons ib l e  f o r  t h e  wave was then  determined by 
re fe rence  t o  a c a l i b r a t i o n  curve (measured cu r ren t  E. concent ra t ion) .  
However, f o r  t h e  ve ry  smal l  concen t ra t ions  f r e q u e n t l y  encountered i n  
water  samples, these measurements a l l  t oo  f r e q u e n t l y  were o f  t h e  same 
~gw~ssg. aumg uqyw+u~~uo+ aid- 
s/ odn6)j 
magnitude as the  observed experimental  e r r o r  o f  the  measurement. For 
t h i s  reason, t h e  we1 1-known standard a d d i t i o n  technique was se lec ted  
fo r  u l t i m a t e  q u a n t i t a t i v e  measurements, so t h a t  even the  smal lest  
cur ren ts  measured might  be l a rge  enough t o  minimize experimental  e r r o r .  
Standard Add j t i on  Procedure:--If two po l  arographic t e s t  s o l u t i o n s  
- -- - . - - -- - -- - - . - - . 
are prepared i n  t he  same t o t a l  volume, one conta in ing  a  known concen- 
t r a t  i on  o f  an e lec t roac t  i v e  species, Cs' and the  o the r  t he  known con- 
c e n t r a t i o n  p lus  an added (but  unknown) amount o f  the  same ion, Cs  + CX, 
and the  polarographic  cur ren ts  are recorded f o r  each s o l u t i o n  separately,  
t he  r e l a t i o n s h i p  o f  t h e  wave he igh ts  measured t o  t h e  concentrat ions i s :  
where i i s  the  wave height  f o r  t he  s o l u t i o n  conta in ing  standard only, 
s  
and i i s  the  wave height  f o r  t he  s o l u t i o n  conta in ing  standard p lus  
s  +X 
unknown. I f  t h e  o r i g i n a l  sample has been pre-concentrated p r i o r  t o  
polarographic  measurement, the concent ra t ion  i n  t he  o r i q i n a l  unconcen- 
t r a t e d  s o l u t i o n  may be represented by C , w h i l e  t h a t  measured i n  t h e  X 
ac tua l  t e s t  s o l u t i o n  becomes F.C where F  i s  a  concent ra t ion  fac to r ,  
X' 
i.e., i f  t he  sample were pre-concentrated from 100 m l  t o  10 m l ,  F  = 10 
and F.Cx = 10Cx. Then, t h e  r e s u l t s  o f  t he  experimental  measurement 
may be represented as 
from whi ch 
-13- 
T h i s  r e l a t i o n s h i p  lends i t s e l f  admirab ly  t o  t h e  two-po in t  method o f  
po l a rog raph i c  q u a n t i t a t i v e  a n a l y s i s  i f  a  s u i t a b l e  s tandard  s o l u t i o n  
i s  a v a i l a b l e .  For t h e  present  work, on cons ide ra t i on  o f  t h e  na tu res  
o f  t h e  va r i ous  po la rog raph i c  waves invo lved,  t h e  composi t ion o f  a  
s u i t a b l e  m u l t i p l e - i o n  s tandard s o l u t i o n  was found t o  be t h a t  g i ven  
i n  Tab le  2--on d i l u t i o n  i n  t h e  f i n a l  t e s t  s o l u t i o n ,  t he  s tandard  
concen t ra t i ons  a re  shown as Test S o l u t i o n  Concent ra t ions i n  t h e  
t a b l e .  The s tandard water  was prepared so t h a t  1.0 ml, on d i l u t i o n  
t o  10 ml would conta in ,  no t  o n l y  t h e  des i r ed  c a t i o n s  i n  t h e  proper  
concent ra t ions,  bu t  a l so  t he  pre-determined concen t ra t i on  o f  suppor t -  
i n g  e l e c t r o l y t e .  Thus, successive measurement o f  wave h e i g h t s  as 
p r e v i o u s l y  descr ibed, leads t o  exper imenta l  data o f  t h e  t y p e  shown 
a t  t h e  t o p  o f  Table  3. Sample c a l c u l a t i o n s  f o r  such data, by t h e  
s tandard  a d d i t i o n  r e l a t i o n s h i p ,  a re  a lso  i n d i c a t e d  i n  Tab le  3 f o r  
Sample I 1  on ly .  
One o f  t h e  advantages o f  t h e  cu r ren t  compensation c i r c u i t  ( F i g u r e  
k )  i s  a l s o  i l  l u s t r a t e d  by t h e  data i n  Tab le  3. The c u r r e n t  measure- 
ment a t  Func t ion  Switch P o s i t i o n  6 f o r  Sample I 1  was o f f s c a l e ;  the re -  
fore ,  t h e  Compensate Con t ro l  was ad jus ted  so t h a t  a c u r r e n t  cou ld  be 
read  a t  p o s i t i o n  6 (6 .80) ;  then  t h e  Func t i on  Swi tch was rese t  t o  p o s i -  
t i o n  5, where a  new reading (3.90) was made, and t h e  c a l c u l a t i o n  
completed as i n d i c a t e d  i n  Table 3. The c a l c u l a t i o n s  f o r  an unconcen- 
t r a t e d  sample a re  i d e n t i c a l ,  except f o r  t h e  change i n  t h e  va lue  o f  
t h e  concen t ra t i on  f a c t o r ,  F  (see footnote,  Table  k ) .  As a  r e s u l t  o f  
t h e  t y p e  o f  measurement j u s t  described, an Inst rument  Operat ing 
T a b l e  2 
Standard  Water-Lomposi t i o n ;  T e s t  S o l u t i o n  P r e p a r a t i o n  
-. --.- 
S tandard  a Tes t  S o l u t i o n  
Component Concen t ra t  i o n  Concen t ra t  i o n  
Na3Cj t r a t e  0.20 M 0.02 4 
a Meta l  i o n  s tock  s o l u t i o n s  p r e p a r e d  f r o m  p u r e  m e t a l l i c  
p e r c h l o r a t e s ,  f o l  lowed by  s t a n d a r d i z a t i o n  by t i t r a -  
t i o n  w i t h  EDTA; w a t e r  s t a n d a r d  p r e p a r e d  by  p r o p e r  
m i x i n g  and d i  l u t  i o n .  
b x  = c o n c e n t r a t i o n  o f  m e t a l  i o n  f r o m  unknown sample. 
Tes t  S o l u t i o n  Prep-arat i o n  
-- 
T e s t  s o l u t i o n s  a r e  p r e p a r e d  by m i x i n g  1.0 ml ( p i p e t )  o f  
s t a n d a r d  w a t e r  w i t h  8-9 ml o f  p r e - c o n c e n t r a t e d  sample, 
f o l l o w e d  by d i l u t i o n  t o  10 ml w i t h  d i s t i l l e d  w a t e r  and 
oxygen-purg ing w i t h  Freon-12 p r i o r  t o  measurement. 
wdd 15-0 (ol-0) 0 1 
wdci 51*~ = (59'1)Ol mmx = qd3 
Table h 
Analy-sis o f  Synthetic Water Samples 
(Samples pre-concentrated 100 t o  10 except as indicated)  
Content Taken - Found - Error 
Samp 1 e ion P Pm PPm P Pm 
+Without pre-concentration; sample mixed d i r e c t l y  w i t h  
standard water; Concentration factor  F = 0.9. 
Procedure, subsequently presented, was developed. 
Sample Pre-Concentratio_n_.--Due t o  t he  ra the r  1 ~ w  concentrat ion 
l e v e l s  o f  m e t a l l i c  ions  i n  commonly found na tu ra l  waters and techn ica l  
considerat  ions previous1 y discussed, a sample pre-concentrat i o n  proc'e- 
dure was developed. This procedure, mod i f i ed  from those employed by 
W. W. U l  lmann, B. H. P f e i l ,  J. D. Por te r  and W. W. Sanderson [m. 
Chem. 3, 213-216 ( 1 ~ 6 2 ) j  and J. Crose ( p r i v a t e  communication, C i t y  o f  
-- 
Bloomington Sewage Treatment Laboratory, Bloomington, Ind iana) .  The 
procedure i s  simple, merely r e q u i r i n g  the  evaporat ion o f  the o r i g i n a l  
saniple from t h e  i n i t i a l  volume ( i n  t h i s  case 100 o r  200 ml )  down t o  
about 8-9 m l ,  w i t h  the  occasional c a r e f u l  a d d i t i o n  o f  a few drops o f  
n i t r i c  a c i d  t o  help o x i d i z e  o rgan ic  mat te r  and prevent bu i ldup  o f  
carbonate deposi ts  on the  w a l l  o f  the concentrat ion beaker. The 
sample, thus concentrated, i s  f u r t h e r  prepared i n  appropr ia te  fash ion  
f o r  po larographic  measurement. Wi th the  Concentrat ion Hssembly shown 
i n  F igure  13, reduc t ion  i n  volume from 200 t o  8 m l  requires, on the  
average, about 115 minutes, whi l e  reduc t ion  from 100 t o  8 m l  may be 
accomplished i n  as l i t t l e  as 30 minutes. 
ANALYTICAL PROCEDURE 
The t y p i c a l  procedure f o r  t h e  ana l ys i s  o f  a  n a t u r a l  water sample 
w i t h  the  instrument here in  descr ibed i s  d e t a i l e d  i n  t h e  f o l l o w i n g  
sub-sections. The procedure g iven  i s  i n t e n t i o n a l l y  more lengthy and 
d e t a i l e d  than c o m n l y  necessary, so t h a t  a1 l forseeable experimental  
poss ib i  1 i t  i e s  may be accommodated. The procedure presented i s  t h a t  
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any o the r  desi red s p e c i f i c  volume between 10 and 200 ml ) .  
2. Assemble t h e  apparatus as shown i n  F igures 13 and l l r ;  add 2 
o r  3 lBoi leezers l  (F isher  S c i e n t i f i c  company) t o  the  beaker t o  min i -  
mize bumping dur ing evaporation. 
3. L igh t  t he  burner and ad jus t  the  gas con t ro l  va lve  t o  permit  
steady opera t ion  o f  t he  burner. 
4. Add 2 o r  3 drops o f  n i t r i c  a c i d  t o  t h e  water sample, repeat ing  
t h i s  a d d i t i o n  i f  no t iceab le  bu i l dup  o f  s o l i d  ma te r i a l  appears on the  
i ns ide  w a l l  o f  the  beaker dur ing evaporat ion o f  t he  water. 
5. Repeat t he  add i t i on  of  2 o r  3 drops o f  n i t r i c  a c i d  when the  
I 
volume has been reduced t o  about 50 m l ,  then cont inue evaporat ing 
u n t i l  t he  sample volume has been reduced t o  w e l l  under 10 m l ,  but do 
I 
not  evaporate the  sample t o  dryness. 
-
6. ' Turn the  burner o f f  and a1 low the  sample t o  cool f o r  a t  leas t  
5 minutes. Then ad jus t  t he  pH o f  the  s o l u t i o n  t o  a value between 5 and 
7 by the  dropwise a d d i t i o n  o f  ammonia ( t e s t  the  pH w i t h  EM-Reagent 
i n d i c a t o r  s t i c k s )  be fore  proceeding t o  Test So lu t ion  Preparat ion. 1 
\ (C) Test So lu t ion  Preparat ion 
1 The standard add i t i on  procedure requ i  res t h a t  one t e s t  s o l u t i o n  
which contains on l y  the  standard be measured, fo l lowed by a second 
I 
I s o l u t i o n  measurement f o r  the  standard p lus unknown. Th is  study has 
I i n d i c a t e d  t h a t  i t  i s  advisable t o  make the  measurement o f  the  standard 
i water once d a i l y .  The procedure f o r  t h i s  measurement i s  i d e n t i c a l  t o  
1 
I t h a t  o u t l i n e d  f o r  t h e  sample so lu t ion ,  except t ha t  d i s t i l l e d  water, 
i 
i ns tead o f  the  unknown sample so lu t ion ,  i s  added dur ing the  prepara t ion  
o f  t he  t e s t  - .  s o l u t i o n  p r i o r  t o  mixing. The general procedure f o r  standard 
and unknown i s  as f o l  lows: 
1. T rans fe r  1.0 ml o f  s tandard water  t o  t h e  10-ml graduate ( t a k e  
ca re  t o  p r o p e r l y  p re - r i nse  t h e  p i p e t ) .  
2. I f  an unconcentrated sample i s  t o  be analyzed, s imp l y .add  t h e  
unknown water t o  t h e  graduate i u s t  t o  t h e  10-ml mark and proceed t o  
s tep  (c-4) .  
3. I f  a pre-concentrated sample i s  t o  be analyzed, c a r e f u l l y  
pour t h e  concentrated sample from t h e  concent ra t ion  beaker i n t o  t h e  
graduate con ta in i ng  t he  s tandard water.  Rinse down t h e  i n s i d e  w a l l  
o f  t h e  beaker w i t h  a  minimum q u a n t i t y  o f  d i s t  i 1 l e d  water, and t r a n s f e r  
these washings t o  t he  graduate. Then add d i s t i l l e d  water, i f  necessary, 
t o  b r i n g  t h e  m i x t u r e  &st t h e  10-ml mark. 
4. P lace a f o r e f i n g e r  over  t h e  mouth o f  t h e  graduate and q u i c k l y  
i n v e r t  t h e  graduate tw i ce  t o  m ix  sample and s tandard we1 1. 
5 .  Make sure  t h a t  t h e  inst rument  case cover brace ( l e f t  s i de )  i s  
locked  i n  t he  open pos i t i on ,  then remove t h e  c e l l  vessel  f rom i t s  
mount ing c l i p ,  d isengaging t h e  ny lon  cover f rom the  c e l l  w i t h o u t  
removing t he  e l ec t rodes  f rom t h e  cover. 
6. H a l f - f i l l  t h e  g l ass  c e l l  vessel  w i t h  t h e  Test  S o l u t i o n  prepared 
i n  s tep C-4; immerse t he  e l ec t rodes  i n  t h e  s o l u t i o n  i n  t h e  c e l l  and 
s w i r l  t h e  c e l l - e l e c t r o d e  assembly momentar i ly t o  p r o p e r l y  r i n s e  a l l  
t h r e e  e l ec t rodes  and t he  gas bubbler ;  t hen  d i sca rd  t h e  l i q u i d  i n  t h e  
c e l l .  
7. H a l f - f i l l  t h e  c e l l  again w i t h  t h e  Test S o l u t i o n  remaining i n  
t h e  graduate. Replace t h e  c e l l  vessel  i n  t h e  mount ing c l i p  and pos i -  
t i o n  t h e  e lec t rode-ce l l - cover  assembly i n  t he  c e l l .  
- .  
8. Open the  upper stopcock o f  t he  mercury rese rvo i r  and i n s e r t  t he  
p la t i num connecting w i r e  ( s i n g l e  black lead) throuqh the  stopcock open- 
i ng  as f a r  as i t  w i l l  go. 
9. Open the  lower stopcock o f  t he  r e s e r v o i r  so t h a t  mercury begins 
t o  f l o w  through the  dropping mercury e lec t rode capi 1 1 ary. 
10. Care fu l l y  open the  va lve  on the  f reon can 2nd adjust  i t  and the  
I i n - l i n e  stopcock connected w i t h  i t  u n t i l  a f l ow  o f  gas from the t i p  o f  
the  gas bubbler may be jus t  ba re l y  f e l t  on a moistened f i nge r  t i p .  
i \ Then, c a r e f u l l y  i n s e r t  the gas bubbler through the  c e l l  cover; read jus t  
1 the  can va lve  and/or l i n e  cock as needed t o  y i e l d  a f l ow  r a t e  through 
I 
the  t e s t  s o l u t i o n  so t h a t  separate gas bubbles may be discerned. While 
I the  s o l u t i o n  i s  being purged i n  t h i s  manner f o r  a t  least 5' minutes, 
i 
proceed t o  Instrument Operating Procedure, Pre l im inary  Instrument 
Check Test So lu t ion  Measurement, depending on the circumstances. 
(O) _Instrument Operatinq Procedure 
Two ser ies  o f  operat ions should be completed p r i o r  t o  actual solu- 
t i o n  measurements. These are the  Pre l im inary  Instrument Check and the  
Slope Adjustment; each should be performed a t  leas t  once d a i l y  (p re fe r -  
ably  j u s t  p r i o r  t o  t he  standard water measurement). The purpose o f  t he  
f i r s t  i s  t o  check the cond i t ion  o f  the  instrument ba t te r i es ,  wh i l e  t he  
second i s  necessary t o  compensate f o r  res idua l  current  i r r e g u l a r i t i e s  
r e s u l t i n g  from charging currents. 
1.  P re l im inary  Instrument Check. 
a. Open the  b a t t e r y  compartment a t  the  rea r  o f  the  instrument 
case and see t h a t  t h e  e l e c t r o n i c  assembly m u l t i p l e  connector p lug  
i s  p rope r l y  connected w i t h  the  b a t t e r y  pack receptac le and c lose  
the  compartment. 
b. With t he  Power Switch OFF, Compensate Contro l  on 000, 
Func t ion  Switch on OFF, 2nd Ba t te ry  Switch on p o s i t i o n  1, t u r n  
t h e  S e n s i t i v i t y  Switch t o  p o s i t i o n  2. 
c. Turn the  Power Switch ON and t h e  Funct ion Switch t o  pos i -  
t i o n  1; t h e  meter should read 0.8 o r  more ( i n d i c a t i n g  a  b a t t e r y  
output  o f  8 v o l t s ) .  I f  t he  reading i s  less  than 0.7, rep lace 
B a t t e r i e s  B (4.05 v o l t s  each) and repeat the  check. 3 
d. Turn t h e  Bat te ry  Switch t o  p o s i t i o n  2--the meter should 
read 1.0 ( f u l l  sca le  d e f l e c t i o n ) ;  t u r n  t h e  Ba t te ry  Switch t o  
p o s i t i o n  +-the meter should again read 1.0. I f  these two suc- 
cessive readings d i f f e r  by more than 3 sca le  d i v i s i o n s  _oy i f  
e i t h e r  reading i s  less  than 9.4 sca le  d i v i s i ons ,  rep lace  Bat- 
t e r i e s  B and B 2  (15 v o l t s  each). 1 
e. Turn t h e  Ba t te ry  Switch t o  p o s i t i o n  b. Adjust  t h e  Ca l i -  
b r a t e  Control  so t h a t  t h e  meter reads exac t l y  1.00 ( i f  t h i s  
adjustment cannot be made, replace B a t t e r i e s  B (1.35 v o l t s  each). 4 
DO NOT CHANGE t h i s  s e t t i n g  o f  t he  C a l i b r a t e  Control  dur ing  sub- 
sequent experimental measurements. 
f. Return the  Ba t te ry  Switch t o  p o s i t i o n  1 and t h e  Funct ion 
Switch t o  OFF; proceed t o  t he  Slope Adjustment. 
2. Slope Adjustment. 
a. When t h e  5-minute purg ing p e r i o d  has been completed, make 
sure t h a t  t he  b a t t e r y  pack leads are connected v i a  t h e  connector 
plug, then r a i s e  the  gas bubbler i n  t h e  t e s t  c e l l  so t h a t  a  f r eon  
atmosphere i s  maintained over  the  s o l u t i o n  i n  t he  c e l l  w i thout  
bubb l ing  through the  l i q u i d .  
b. Turn t h e  Funct ion Switch t o  p o s i t i o n  1 and t h e  Power 
Switch ON. 
c. Adjust t h e  Ca l i b ra te  Contro l  t o  y i e l d  a meter reading o f  
e x a c t l y  0.35. 
d. Turn t h e  Funct ion Switch t o  p o s i t i o n  8 ( v a r i a b l e  p o t e n t i a l )  
and depress t h e  Pro tec t  Switch and Test Switch, i n  t h a t  order  
w h i l e  c a r e f u l l y  n o t i n g  t h e  meter reading. 
e. Turn t h e  Funct ion Switch back t o  p o s i t i o n  1 and read jus t  
t h e  Ca l i b ra te  Contro l  t o  a meter reading o f  exac t l y  0.145; again 
depress Pro tec t  and Test Switches i n  t u r n  and no te  t h e  meter 
reading. 
f. I f  the  meter reading i n  (e) i s  l a r q e r  than t h a t  i n  (d),  
t u r n  t h e  Slope Contro l  s l i g h t l y  c lockwise;  i f  smal ler,  t u r n  t he  
Slope Contro l  s l i g h t l y  counterclockwise. 
g. Repeat steps (b)  through ( f )  u n t i l  t he  meter readings are 
i d e n t i c a l  fo r  steps (d)  and (e ) .  Take p a r t i c u l a r  care no t  t o  chanqe 
the  Slope Control  s e t t i n g  dur ing  subsequent instrument operat ions.  
3. Test So lu t ion  Measurements. 
a. Remove the  c e l l  lead p lug  from i t s  s torage c l i p  i n  t h e  
inst rument  cover and connect t h e  p l u g  w i t h  i t s  receptac le  i n  t he  
upper l e f t  corner o f  t h e  inst rument  panel. 
b. When t h e  5-minute purg ing  p e r i o d  has been completed, 
r a i s e  t h e  gas bubbler  i n  t he  t e s t  c e l l  so t h a t  a  f reon  atmosphere 
i s  ma in ta ined  over t h e  t e s t  s o l u t i o n .  
c. Turn t he  Func t ion  Swi tch t o  p o s i t i o n  2 and t he  S e n s i t i v i t y  
Switch t o  p o s i t i o n  2 ( P o s i t i o n  1 represents  1 0 p A  f u l l s c a l e ;  pos i -  
t i o n  2, SFA: p o s i t i o n  3, 1  PA; and p o s i t i o n  4, 0.5,uA). Check 
and see t h a t  t h e  Compensate Cont ro l  i s  a t  000. 
d. Depress t h e  P ro tec t  Switch and w h i l e  i t  i s  depressed, a l so  
depress t h e  Test Switch, s imul taneously  r o t a t i n g  the Base l ine  Con- 
t r o l  t o  secure a meter read ing  o f  about 0.1 (5  sca le  d i v i s i o n s ) .  
Record t h i s  meter reading t o  t he  nearest  0.5 u n i t  as t he  Basel ine 
va lue  2. Release t he  Test Switch, then t h e  P ro tec t  Switch, i n  
t h a t  order .  
e. Turn t h e  Func t ion  Switch t o  p o s i t i o n  3 (2 represen ts  lead, 
4 cadmium, 5 zinc,  and 6 i r o n  measurements) . 
-
f. Depress P ro tec t  and Test Switches s imul taneously  and reco rd  
t h e  -- maximum meter d e f l e c t i o n  a f t e r  two successive needle swings are 
equal ( u s u a l l y  a f t e r  3 t o  5 swings);  re lease  Test and P ro tec t  
switches. NOTE: I n  t h e  event t h a t  the  meter d e f l e c t i o n  exceeds 
t h e  1 i m i t s  o f  t h e  meter scale, t he  f o l  lowing procedure must be 
employed: (1)  Ad jus t  t he  Compensate Cont ro l  u n t i l  t h e  meter de- 
f l e c t i o n  fi on sca le  and ma in ta i n  t h e  s e t t i n g  o f  t h i s  c o n t r o l ;  
(2)  Reset t h e  Func t ion  Switch t o  t he  s e t t i n g  used f o r  t h e  p rev ious  
reading, i.e., i f  t h e  o f f s c a l e  d e f l e c t i o n  occur red  on 1, r ese t  
the  Funct ion Switch t o  2; i f  on 4, rese t  t o  2, etc., then 
repeat the operat ions i n  ( f )  p r i o r  t o  NOTE. I f  t h i s  procedure 
f a i l s  t o  r e s u l t  i n  on-scale readings, the  sample i s  too concen- 
t r a t e d  and another, more d i l u t e ,  t e s t  s o l u t i o n  must be prepared. 
(Th is  e v e n t u a l i t y  i s  r e l a t i v e l y  u n l i k e l y ,  due t o  the  range over 
which the  Compensate Control  i s  capable o f  operat ing.) 
g. Repeat steps (e) and ( f )  respec t i ve l y  f o r  Funct ion 
Switch p o s i t i o n s  4, 5, and 6 f o r  successive measurement o f  
cadmium, zinc, and i r o n  waves. 
h. Shutdown the instrument by t u r n i n g  Funct ion Switch OFF, 
Power Switch OFF; disconnect the  c e l l  p lug  and replace i t  i n  i t s  
mounting c l i p .  Semove the  contact lead from the  upper stopcock 
o f  t he  mercury rese rvo i r  and c lose both r e s e r v o i r  stopcocks. 
Empty the  contents o f  the  c e l l  i n t o  the  waste mercury container 
and r i n s e  c e l l  and e lect rodes w i t h  a small amount o f  d i s t i l l e d  
water p r i o r  t o  storage i n  the c e l l  mounting c l i p .  
4. Var iable P o t e n t i a l  Mode Operation (Recordinq Manual Polaroqrams). 
a. With the  Funct ion Switch on p o s i t i o n  1, set t he  C a l i b r a t e  
Control  t o  t h e  d i a l  reading represent ing one-half t he  desi red 
appl i e d  potent i a1 value, as read on t h e  meter. 
b. Turn the  Funct ion Switch t o  p o s i t i o n  8 and record the  i n d i -  
cated current  from the  meter. 
c. Repeat steps (a) and (b) f o r  each E s. i po in t  des i red  
on the  polarogram. 
( E )  C a l c u l a t i o n  o f  Resul ts  
Resu l ts  a re  c a l c u l a t e d  w i t h  t h e  s tandard a d d i t i o n  formula: 
as shown i n  Table 3, where F  i s  t he  concent ra t ion  f a c t o r  used. When 
two successive Funct ion Switch p o s i t i o n  readings are the  same, as f o r  
example: 2: 2.15, A: 2.15, obv ious ly ,  t h e  i o n  whose wave he igh t  i s  
represented by t he  read ing  a t  p o s i t i o n  4 i s  e i t h e r  absent o r  i s  
p resen t  i n  so smal l  a  concen t ra t ion  t h a t  i t  cannot be measured w i t h  
t he  Model I 1  analyzer .  
RESULTS AND DISCUSSION 
Ana lys is  o f  Syn the t i c  Samples.--A number o f  s y n t h e t i c  water samples 
++ ++ +++ 
con ta in i ng  va r i ous  concent ra t ions  o f  Pb , ~d++ ,  Zn , end Fe were 
prepared and analyzed by t he  procedures p r e v i o u s l y  presented; t he  
r e s u l t s  o f  these analyses a re  shown i n  Table 14. Probably the  most 
s i g n i f i c a n t  t rends  shown by these r e s u l t s  are: ( 1 )  low concent ra t ions  
o f  z i n c  and/or i r o n  a re  q u i t e  l i k e l y  t o  y i e l d  h i g h  r e s u l t s ,  and (2 )  
l ead  and cadmium r e s u l t s  a re  l i k e l y  t o  be c o n s i d e r a b l y ' m r e  accurate 
than those f o r  z i n c  and i r o n .  These two conc lus ions are t o  be expected 
on cons ide ra t i on  o f  t h e  na tu re  o f  t h e  po la rograph ic  waves (F igu re  I s ) - -  
t h e  sharp, we l l - de f i ned  na tu re  o f  t h e  lead  and cadmium waves compared 
w i t h  t h e  less  d i s t i n c t  z i n c  and i r o n  waves (even a t  h igher  concentra- 
t i o n s  than those shown i n  F i g u r e  15) exp la i ns  why t h e  r e s u l t s  f o r  these 
l a t t e r  ions  a re  more l i k e l y  t o  be erroneous. That t h e  r e s u l t s  f o r  i r o n  
may be h i g h  i s  t o  be expected s i n c e  t h e  i r o n  wave i s  ve ry  c l ose  t o  
t h e  suppo r t i ng  e l e c t r o l y t e  d ischarge wave. The pH o f  t h e  system 
a f f e c t s  t h e  l o c a t i o n  o f  t h i s  d ischarge wave r a t h e r  d rama t i ca l l y ,  so 
t h a t  t h e  ! rough1 pH adjustment made a t  t h e  end o f  t h e  sample p re -  
concen t ra t i on  i s  r a t h e r  important-- . the pH o f  t h e  t e s t  s o l u t i o n  must be 
between 5 and 7. 
Ana l ys i s  o f  Na tu ra l  Waters.--A s e l e c t i o n  o f  va r i ous  n a t u r a l  
waters,  1 arge l  y c o l  l e c t e d  f rom v a r i o u s  ' s p o r t - f  i s h i n g l  l o c a t  ions, 
was then analyzed, u s i n g  t h e  same method and procedure as employed 
w i t h  t h e  s y n t h e t i c  samples. These r e s u l t s  a re  shown i n  Table  5. 
Since no technique f o r  independent a n a l y s i s  by o t h e r  methods, such 
as a tomic  absorp t ion  spectroscopy, was a v a i l a b l e  t o  t h e  i n v e s t i g a t o r s ,  
these r e s u l t s  do no t  necessar i  l y  r e f l e c t  accuracy, bu t  do show t h e  
r e l a t i v e  r e p r o d u c i b i l i t y  o f  analyses o f  concent ra ted ys-. unconcen- 
t r a t e d  samples. I n  t h e  judgment o f  t h e  i n v e s t i g a t o r s ,  t he  concen- 
t r a t e d  sample r e s u l t s  a re  l i k e l y  t o  be t h e  more accura te  f o r  two 
p r i n c i p a l  reasons. F i r s t ,  a t  l e a s t  some o f  t he  o r g a n i c  mat te r ,  
l i k e l y  t o  be present  i n  a n a t u r a l  sample, which c o u l d  complex a 
m e t a l l i c  i o n  and a f f e c t  a n a l y s i s  adversely,  i s  dest royed by n i t r i c  
a c i d  du r i ng  p re -concen t ra t ion .  Secondly, inasmuch as t h e  analyses 
o f  s y n t h e t i c  samples i n d i c a t e d  a p robab le  t r e n d  toward h i g h  r e s u l t s ,  
t h e  f a c t  t h a t  t h e  unconcent ra ted samples n e a r l y  always produced t h e  
h i ghe r  r e s u l t s  tends t o  support  conf idence i n  r e s u l t s  f o l l o w i n g  
p re -concen t ra t ion .  
C r i t i c a l  e v a l u a t i o n  o f  a1 1 t h e  a n a l y t i c a l  r e s u l t s  obtained, 
T a b l e  5 
A n a l y s i s  o f  S e l e c t e d  N a t u r a l  Water Samples 
(Samples p r e - c o n c e n t r a t e d  200 t o  10, exceQt as no ted )  
Me ta l  I o n  C o n c e n t r a t i o n s  Found 
a  b ++ ++ +++ c d++ No. Source o f  Sample p L  Pb 
-..- -. Zn Fe - 
I S p o r t - f  i s h i n g  s t ream 6.0 N F i  0.02 1.22 N  bi N 1.48 
2 A r t i f i c i a l  impoundment 7.5 0.01 IJ 0.02 O.O$ 
2d N N  N  0.06 
3  S u r f a c e  r u n - o f f  6.5 0.01 0.02 N  0.30 
3  N  0.02 N  0.06 
b l P o l l u t e d 1  creek 5.4' 0.02 N 0.15 1-35 
4 N N 0.08 1.70 
5 ' G r e a t 1  l a k e  
sd 
6 ' L a r g e 1  r i v e r  
7 Farm we1 1 
7 d  
8 S t r i p - m i n e  p i t  
8d 
9 I n d u s t r i a l  e f f l u e n t  
9 
10 M ine  d ra inage  s l o u g h  
10d 
a  Samples c o l l e c t e d  a t  average dep th  o f  3 f e e t  under  s u r f a c e  o f  water ,  
u s i n g  Esmarch APHA-type Water Sampl ing Apparatus.  
b p ~  e s t i m a t e d  w i t h  EM-Reagent s  Non-Bl e e d i  ng  pH I n d i  c a t o r  S t i c k s  t o  
n e a r e s t  0.5 pH u n i t ;  S e r i e s  5-10 pH and 0-6 pH used. 
C T a b l e  e n t r y  I N 1  i n d i c a t e s  t h a t  t h e  me ta l  was n o t  measurable w i t h  t h e  
appara tus  and t e c h n i q u e  used. 
d ~ a m p l e s  ana lyzed  w i t h o u t  p r e - c o n c e n t r a t  i o n .  
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CONCLUSIONS 
H l t h o u g h  n o t  a l l  t h e  o r i g i n a l  o b j e c t i v e s  o f  t h e  p r o j e c t  were 
r e a l i z e d ,  t h e  main goa l  was reached-- the development o f  a f i e l d  d e v i c e  
f o r  d e t e r m i n a t i o n  o f  ( c e r t a i n )  heavy m e t a l s  i n  n a t u r a l  waters .  h num- 
b e r  o f  r e l a t i v e l y  un ique  and i n t e r e s t i n g  techn iques  were develooed f o r  
t h e  ana lyzer ,  such as t h e  srimple c o n c e n t r a t  i o n  assembly, t h e  use o f  
f r e o n  f o r  oxygen ou rg ing ,  t h e  DM& r e s e r v o i r  system, and 7erhaps some 
o f  t h e  concepts i n v o l v e d  i n  e l e c t r i c a l  c i r c u i t r y .  
The d e v i c e  has been des igned so t h a t  o t h e r s  may e x t e n d  and/or 
improve i t s  per formance and a p p l i c a t i o n s .  U n f o r t u n a t e l y ,  t he  a u t h o r ' s  
commitments a r e  such t h a t  he i s  u n l i k e l y  t o  be a b l e  t o  do so. 
Perhaps one o f  t h e  most i m p o r t a n t  c o n t r i b u t i o n s  o f  t h i s  p r o j e c t  
t o  present -day s c i e n c e  i s  t h a t  a r a t h e r  l a r g e  number o f  people--  
s c i e n t i s t s ,  n o n - s c i e n t i s t s ,  and pseudo-scient is ts--became more i n t e r -  
e s t e d  i n  t h e  env i ronmenta l  water  problems su r round ing  us w h i l e  observ-  
i n g  t h e  i n s t r u m e n t  under c o n s t r u c t i o n ,  h e a r i n g  u s  t a l k  about i t  and 
o u r  problems i n  i t s  des ign  and develooment, o r  w h i l e  w a t c h i n g  our  
r a t h e r  unor thodox o p e r a t i o n s  d u r i n g  f i e l d  t e s t s  i n  a l l  s o r t s  o f  
u n l i k e l y  l o c a t i o n s  f o r  a n a l y t i c a l  chemis ts !  
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